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SUMMARY

Tests were comducted to investigate the effect of 2-percent
additions of nine aramatic amines on the knock-limited performance
of AN-F-28 (28-R) fuel, EKnock tests were made of nine aromatioc
amines synthsslzed, or purchased and purified, at the NACA
Cloveland laboratory. The amlnes are 2,4-xylidlne, N-ethylaniline,
2,4-dlethylaniline, diphenylamine, N,N-dlethyl-p-phenylonediamine,
N-1isopropyl-p-isopropylaniline, N,N'-dimethyl-p-phenylenedlamine,
N,N-dimethyl~p-phenylonediamine, and cumidines (from refinery
cumene). The knock-limited performance of 28-R fuel with and
without 2-percent additions of each of these aromatlc amines was
determined in a CFR englne under three mets of operating conditions
including F-4 condlitions, Limited P-3 tests were also run. A
brief analysls 1s also presented of the antiknock effectiveness of
the aromatlic emlnes based upon the data glven ln parts I and II as
woll as 1n the present report.

The results based upon the antikmock effectiveness of the
27 eromatic amines obtained to date from this program are summariged'
as follows:

1, The followling aromatic amines tested could be of use as
aviation-fuel addltives:

(a) Diphenylemine gave the most consistent power improve-
ment, roughly 10 percent, at all fuel-alr ratios and engine oondi-
tions.

(v) N-Methyl-p-toluidine, R,N-dlethyl-p-phenylenediamine,
N,N'-dimethyl-p-phenylenediamine, and N,N-dimethyl-p-phenylenedi-
amine were very good antilnook agents under modified condltions
but thelr knock-limited performance was sensitive to inlet-alr
temperature and fuel-air ratlo.




(c) Other aromatic amines that showed promise as anti-
knock agents are aniline, p-lsopropyleniline, 2,6-xylidlne,
commerclal xylidines, 2,4-xylidine, p-toluidine, N-methylanlline,
and p-tert-butylaniline.

2. The following characteristics of the molecular structure
were found 1n thils Investigation:

(a) An increase in the length of an N-alkyl radileal
beyond one carbon atom depreciated the power Iimprovement 1ln both
the lean- and the rilch-mixture regicn at the engine conditions
teated,

(b) The ocider of decreasing temperature sensitivity and
increasing performance among the toluidines was ortho, meta, and
para. Uniler modified conditions, however, the difference between
the meta positlion and the pars vosltion was less definite because the
mete posltion gave better performance at some fuel-alr ratios.

(c) Dipbenylamine did not have the sensitivity to fuel-
alr ratio and engine conditions common to all of the other single-
ring structures tested. The deslirabllity of further testis on
double-ring compounds 1is Indicated:

(d) Less sensitivity to engine conditions at lean mix-
tures was experlenced with 2,6-xylidlne than with 2,4-xylidine.

3. Fo simificance was attributed to any slight chenges in
indicated specific fuel consumption that wecurred with the various
aromatic amines durling the course of the project.

INTRODUCTINN

A generel progam 1s belng conducted by the NACA at the
request of the Army Alr Forces, Materiel Command, to determine the
effectiveness of aromatic amines as eantlknock additives in aviatlon
gasoline. The data presented in this report were obtained during
May 1944 at the Aircra’™t Engine Research Laboratory, Cleveland, Ohlo,

This report 1s part III of a serles of five reports presenting
knock data on a total of 48 aromatic amines. (See references 1
and 2.) Reported horein are the experimentally determined kmoock-
limited performance data for 2-percent blends of nlne aromatic
amines in AN-F-28 (28-R) fuel.



The porformance data for all the aromatic amines tested to date
at this laboratory are summarized In this report. This summary
correlates the knock-limited performance at different degrees of
engine severity and at different fuel-alr ratios with the molecular
structure of the amines., It also permits an evaluation of the
relative effectiveness of the amines as additives in avlation
gasoline although it must be emphasized that knock ln a CFR englne
18 the only oriterion used in this report. Reports dealing with
the preparation and the physical and themicel properties of the
amines and thelr gascline blends have been published by this
laboratory as refercnces 3 and 4,

ATPARATUS AND TEST PROCEDURE

The preparation of the aromatic amines tested in thlis part of
the program was carrled on under the direction of Dr. W. T. Olson
of the laboratory staff. The amines, with the exception of the
cumidines, were dlstllled through a fracticnating colummn and a
narrow fraction (epvroximately 1° C) in the middile of the boiling
range was seleoted. The cumlidinos tested for thls report (tables I
and II) were prenared from refinery cumene; the cumidines previously
tested (reference 2) were prepared from synthetic cumense.

The data were obtained by using the same F-4 knock-testing
engine, base sgtock, operating conditlons, and operator as used in
part IT of this program. (See reference 2.)

The threa sets of cporating condltions wore as follows:

Inlet-alr Spark advance Coolant
temperature (deg B.T.C.) temperature

(°F) (°F)
P-4 method 225 45 375
Modification A 250 30 250
Modification B 150 30 250

At each of these sets of condltlons, 28-R fuel and a Z2-perocent
blend of an aromatic amine in this gesoline were tested on the
same day. In addition F-3 tests were made on the amine blends when
qQuantity permitted. Bocause of solubllity and quantity limitations,
l.76-percent N,N'-dimethyl-p-phenylenedlamine was tested only under
modification A condltlion. Quantity limitations also permitted teats
of N,N-dimethyl-p-phunylencdiiamine only under F-4 and modification A
oondltlions.,



DISCUSSION OF RESULTS

Figures 1 to 9 present the knock-limited performance data for
nine aramatic amines tested undexr the three sets of conditiona.
Fach figure compares the effects of the transition from.severse to
mild test condltions for 28-R fuel and a 2-percent addition of an
aromatic anine In this gasolinse.

Table I is a surmary of the relative power obtalned by using
2 percent aromatic-amine adiitives at fuel-alr ratios of 0.062,
0,070, 0.090, and 0.110, Teble ITI presents the F-3 rating of the
fuel blends. Cf the nine amlnes tested, diphenylamine was out-
standing because 1t was apparently insensitive to fuel-air ratlo
and engine conditions and gave & conalstent power improvement of
about 10 percent. An F-3 rating of 120 performance number (see
table II) given to diphenylamine is an added indication of the
lean-mixture response at severe engine condltions.

The symmetrical additlion of two amine groups to the aromatlc
ring resulted in greatly incremased power at moderate conditions.
At severe coniitlons the rica-mixture recponse wvas good but the
relative power improvemeont wes consideiably depreclated at lean
fuel-alr ratios, The greatest power Improvement of all the
amines tested wos glven by K,N'-dlmothyl-p-phenylenediamine at
modification A condltion but the tests were limlted because of
lack of material. The results of the N,N-dimocthyl-p-phenylene-
diamine and N,N-dlethyl-p-nhenylesneiiamine indicate that the double-
amino compounis are sensltive to englne conditlions.

The addition cf 2-percent 2,4-xylidine to 29-R fuel gave about
the same result as previously experlenced with other xylidine
1somers. It acted very well as an additive at moderate englne
conditions but with lncreasing severity of engine conditlons the
power lmprovement became increesingly dependent on fuel-air ratlo.
Sensltivity to englne conditlons has came to be expected with tho
xylidines.

The three otlor arcmatlc amines tested in thls part of the
program, N-othylaniline, 2,4-3iethylaniline, and N-isopropyl-p-
1sopropylanlline, showed poor antlknock propertles as aviation-

. fuel additlives. None of them had very good rich-mixture response
end each one elther acted as a proknock agent or gave little power
improvement in the lean reglon,

No significance was attributed to any slight changes in Indl-
cated specific fuel consumptlion that occurred between the varlous
test fuels during the course of the projeot.




Figures 10 to 14 summarize the data on the 27 aramatlic amines
tested to date in this program. These figures have been prepared
from references 1l and 2 and from table I In thils report. The
effect of the toluidines andl smiline on the knock-limited perform-
ance of AN-F-28 fuel 15 summarized in figure 10.

For lean-mlixture improvement under severe condltilons, the
methyl radlical in the para posltion gave the most eatisfactory
results. At modified conditions, however, the meta poaition gave
better results. Of the p-toluldines, N-methyl-p-toluldine per-
mitted the best average knock-limited performance. When the N-alkyl
slde chain was extended beyond ome methyl group, the power improve-
ment was depreciated.

The same trends of knock-limited performance with respect to
structure anl engine conditions are indicated by both flgures 10(a)
end 10(b). At modified conditions the difference in power improve=-
ment between the ortho, meta, and para positions are not so evident
as under F-4 condition. Again, the addition of more than one carbon
atom to the amino group on the p-toluldine depreclates the rich-
mixture response. Filgure 10(b) clearly shows that N-methyl-p-
toluldine has a better rich-mixture response than any other
toluidine teated.

The knock~limited lean- and rich-mixture performance of N-alkyl-
anlline 1s presented 1n figure 1l. At modified conditions
(f1g. 11(a)), N-methylaniline and anlline gave a better lean-
mixture knock-limlted performance than did the other amine additives
presented. The limit of profitable sddition to the nitrogen atom
seeme to be one methyl group, boyond which the lmprovement in
Imock-limited power docreases very rapidly.

The trend for the rich-mixture response (fig. 11(b)) is the
seme ag that for the lean-mixture response. Agaln, N-methylaniline
and aniline gave a bettor performance than the othor amines and
furthor extension of the N-aliphatic side chain beyond one msthyl
group decreased the imock-limitod power lmprovement. A sllightly
better average rich-mixture response was obtained with N-methylanlllne
than with anilinas. A noticeable depreciation of the knock-limited
power was experienced in going fram N-methylaniline to N,N-dimethyl-
aniline and from N-cthylaniline to N,N-diethylaniline. A greater
Inock-limited power was permitted with N,N-dlethylaniline than with
N,N-dimethylaniline although N-methylaniline gave a greater knock-
limited powor than N~othylaniline.

The sffect of alkyl substitutlions to tho aramatic ring on the
rich- and the lean-mixture kmock-limited performance is shown in



figure 12. A comparison of p-isopropylaniline with aniline indl-
cates that the additlon of the 1sopropyl radlcal increased the
lean-mixture response at modified corndltlions but had no apparent
effect at F-4 condition, The addition of a methyl radical to the
isopropyl radical (pytert-butylanilina) resuited ln a more consist-
ent performance undar sevare anl mlld opsration. When thils methyl
radical was added to the 2 position of the aromatic ring instead
of to the isopropyl (4-isopropyl-2-methylaniline), the lean-mixture
response became better at modifled conditlions and was worse at
gevere condltions.

When ethyl groups were placed on the 2 and 4 positions
(2,4-d1ethylaniline), a lower knock-limited performance resulted
than with 2,4-xyl.dine in all tests presented. In a comparison of
the xylidine isomers, moving one of the methyl groups from the 4
to the 6 posltlon apparently decieased the sensitivity to englne
conditions.

On the basls of the rich-mixture data shown in figure 12(b)
not much cholce can be rade among aniline, p-lsopropylaniline,
p-toert-butylaniline, and 4-isopropyl-2 methylaniline, In the
F-4 tests, 2,6-xylidine, 2,4-xylidine, and 2,4-diethylaniline
gave progresslively less favbrable performance in the order glven.
A comparison of the amlnes pressnted In figure 12 shows that
pP-tort-butylaniline was less sensitlve to engine conditions than
the other campounds presented.

In figures 13 and 14 the indlocated mean effective pressure
ratio is plotted against the number of carbon atoms in each molec-
ular structure. For convenience, the aromatic ring structure
rather than the chemical name of the compound designates 1ts posi-
tion (located by a point) on the graph. Figure 13 presents a
sumary of the data obtained under F-4 condition at fuel-alr
ratios of 0.062 and C,1i0. A similar study at fuel-alr ratics of
0.062 and 0.090 for data taksn under modification A condlition 1s
presented in figure 14.

The exlstence of soveral trends can be noted from a study of
these charts and two of the more obvlous ones are indicated by the
connecting lines. The effect of varylng the N-alkyl radicals on
aniline and on the p-toluldines is 1ndicated by solid and dashed
lines, respectively, connecting simllar structures. For radicals
with more then one N-methyl group, the relative knock-limited
power, in general, decreases.

Two nitrogen atoms attached o the aromatic ring produced a
very good performance at modified conditlions and a good rich-mixture



regponse at severe condltions but the knock-limited power of these
amines was sensitlve to engine operating condlitions at low fuel-alr
ratios. Diphenylemine was of interest because 1ts effectliveness
was almoat Independent of ehgine varlables. Cumidines made from
refinery cumene and cumidines made from synthetioc cumene gave about
the sams performance under modified conditlons but, as the severlity
increased, the cumldines made from refinery cumene appeared to give
a better performance than those made from synthetic cumene,

Other trends in lmock-limited porformance at glven engine
conditions and fuel-air ratio can be easlly correlated with chemical
structure. (See figs. 13 and 14.)

SUMMARY OF RESULTS

The followins results were obtalned from the entire investiga-
tlon of the antiknock effectlveness of 2-percent additions of
27 aromatic amines to AN-F-28 (28-R) fuel in a CFR engine:

l. The following aromatic amines tested could be of use as
aviation-fuel additives:

(a) Diphenylamine gave the most consistent power improve-
mwent, roughly 10 percent, at all fuel-alr ratlios and engine condi-
tions.

(b) N-methyl-p-toluidine, N,N-diethyl-p-phenylenediamine,
N,N'-dimethyl-p-phenylenediamine, and N,N-dimethyl-p-phenylenediamine
were very good antiknock agents under modified conditions but thelir
knock~limited performance was sensltive to inlet-alr temperature
and fuel-alr ratlo.

(¢) Other aromatic amines that showed promise as antiknock
agente are aniline, p-lsopropylaniline, 2,6-xylidine, commercilal
xylidines, 2,4-xylidine, p-toluidine, N-methylaniline, and p-tert-
butylaniline.

2. The followlng cheracteristica of the molecular structure
were found in this investigatlion:

(a) An increase in the length of an N-alkyl radical beyond
one carbon atom depreclated the power improvement in both the lean-
and the rilch-mixture reglon at the engine conditions tested.

(b) The order of decreasing temperature semsltivity and
Increasing performance among the toluldines was ortho, meta, and
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para. Under modified conditions the difference between the meta
and the para position was questionable, however, because the meta
pogltion gave better performance at some fuel-air ratlos.

(c) Diphenylemine did not have the sensitivity to fuel-
air ratio and engine conditions common to all of the other single-
ring structures tested. Tbe desirability of further tests on
double-ring compounds 1s indlcated.

(d) Leas sensitivity to engine conditions at lean mixtures
was experienced with 2,8-xyllidine than with 2,4-xylidine,

3. No significance was attributed to any elight changes in
indicated speciflc fuel corsumption that occurred with the variocus
aromatic amines during the course of the proJect.

Alrcraft Engine Rosearch lLaboratory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohlo, August 23, 1944.
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TABLE I

SUMMARY OF ANTIKNOCK EFFECTIVENESS OF 2-PERCENT AROMATIC-AMINE ADDITIORS TO 28-R FUEL

—

F-4 method: inlet-air temperature, 225 F; coolant temperature, 575° F; spark advance, 45° B.T.C.
Modification A: inlet-alr iemperature, 250 F; coolant temperature, 250° P; spark advance, 300 B.T.C.
Modification B: 1inlet-air temperature, 150° F; coolant temperature, 250° ¥; spark advance, 30° B.T.C,
Relative power = iZSR (aromatio amine plus AN-F-28)
imep (AN-F-28)
Aromatic emines (2-per- F/A = 0,062 F/A = 0,070 F/A = 0,090 F/A = 0.110
Son ;ﬁ‘:ﬁim o -4  |Modi-|Modi-lF-4  |Modi-|Modi-|F-4  |Modi-|Modi-|F-4 |Modi- |Modl-
ethod] fica-| fica- |uethod |flca~|fica- |method {fica~]jfica-]method|fica- fica-
tion | tion tlon {tion tion | tion tion |tien
A B A B A ‘B A B
28-R l1.,0011.00}1.00 | 1.00 |1.00 j1.00 | 1.00 }1.00 {1.,00 | 1.00 |1.00 |1.00
2,4-Xylldins .93 (1.04 11.13 .52 11.03 }1.14 .99 {1.12 |1.153 | 1.05 |1.12 |1.12
N-Ethylaniline 91| .99 j1.04 .97 {1.04 {1.04 | 1.04 |1.05 {1.05 | 1.01 {1.04 |1.04
2,4-Dlethylaniline .37 .98 11,04 .92 .92 |1.04 .93 11.03 |1.03 .98 ]1.06 }{1.03
Diphenylamine 1.10 11.13}1.10 | 1.07 {1i.08 }1.08 | 1.09 {1.10 j1.11} 1,11 |1.15 ]1.10
N,N-Diethyl-p-phenylene-~
diamine .98 11.11 1.1 .89 }|1.11 §1.:9{ 1,10 |1.17 {1.19 | 1l.16 [1l.17 |1.14
N-Isopropyl-p-1lsopropyl-
aniline 1.00 |{1.00 !1..00 .99 {1.02 {1.03 | 1,00 {1.01 {1.02 | 1.00 {1.03 {1.03
N,N'-Dimetiy]-p-phenylens- |
diamine®,® === | ewea- 1.15 | ~=con|amaca- 1.13 |=weec|eemana 1.22 | wemmme] ammeae e B
N,N—Dimethyl-g—phenylene-
diamineb «97 [1.12 | w=me- 892 {1.13 |--==- .99 |1.18 |=e=== 1.16 {1.16 [=====
| Cumidines (from refinery '
| cumens) 1,01 |1.065 ]1.06 | 1,02 ;1.10 {1.09 | 1.04 {1.,07 {1.04 | 1.05 |1.07 |1.1l1

4].76 percent amine added.

bDate 1imited because of insufficient Ffuel. Fational Advigory Committee

for Aeroneutics
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TABLE II

F-3 RATINGS OF 2-PERCENT BLENDS OF AROMATIC
AMINES AND 28-R FUEL

Aromatic amines (2-per- F-3 ratings
cent addition to

28R fuel) S-3 + ml TEL| Perfurmance Number
28=R 0] 100
2,4-Xylidine .06 102
N-Ethylanlline .08 102
2,4-Diethylaniline 8g9.,7 99,5
Diphenylamine .72 120
N, N-Diethyl-n-phenylenediamine ag9,2 99
N-Isopropyl-p-isoiropylaniline .10 104
Cumidines (from refinery cumene) .13 105

80ctane number,

National Advisory Cormlttee
for Aeronsutics
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Figure 2. - Effect of addition of 2-percent N-ethylaniline to 28-R fuel

on knock-limited performance of a CFR engine.
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Figure 3. - Effect of addition of 2-percent 2,4-diethylaniline to
28-R fuel on knock-limited performance of a CFR engine. Engine
speed, 1800 rpm; compression ratio, 7.0; oil temperature, 185° F,
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Figure 7. - Effect of addition of |.76-percent N,N'-dimethyl-p-
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ratio, 7.0; oil temperature, 185° F,
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Figure 9. — Effect of addition of 2-percent cumidines (from refinery

cumene) to 28-R fuel on knock-limited performance of a CFR engine.
Engine speed, 1800 rpm; compression ratio,

185° F.

7.0; oil temperature,
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Fi%ure 9. - Continued. Effect of addition of 2-percent cumidines

from refinery cumene)

to 28~R fuel on knock-limited performance of

a CFR engine. Engine speed, 1800 rpm; compression ratio, 7.0; oil

temperature, 165° F,
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Figure (0. - Effect of toluidines and aniline on knock-~limited performance
of AN-F-28 fuel. (Data from references 1 and 2.)




NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

<<
LT
daa
mz
ot
&g G
133
X X
man

SIS IIS

16

sxdo

tolul

N—-Isopr:zyl-g-

PO TA T T T INOTITITI

17772 0D
RESXINN X R

r 2 8o 8 Fe el
TeTavaTa%a a4 4T AN 0N

L L L L L L0

(Ll Ll iddl)
‘e

TN
BN A K AL SN

=

o~ w0
subbasd ‘Iucwasoadwy Jamog

. . . OIS,
IS IUIEAA /AR NANR X X AP I SK RN ERTO X IO

it L 4 L L LA

PO GO O SI s GrTTT
LI .O.Q.Q.Qv‘u\tqﬁ....

HeN-H

He

X

N-Methyl R-Ethyl:
g-%oluldine . 1usaine Sotulaine | toluiatne

Aniline o-Toluidine

0.110.

Fuel-air ratio,

(b)

Figure 10.

Effect of toluidines and aniline on knock-limited
(Data from references | and 2.)

~ Concluded.
performance of AN-F-28 fuel.



. - NATIONAL ADVISORY
16 N-Nathyl- COMMITTEE FOR AERONAUTICS

H-N-C . HF=-4 oondition
KiModification A
RModification B

d
12 h, 4
N
N N-E thyl-
N aniline N-Butyl-
- Q HeN=C-C aniline
s & N-Jgopropyle fieMoGeCe0-Q |
g \ aniline N,N-Diethyl-
2 \ 8_ N,N-Dimethyl- aniline
- \ B-§-0-C aniline o o n c.q
s N m o-§-C
g \ :
g b
L T Uy UU
° N N
$4 N N
2 N N
L] \ N
N N
;o \ iy
- H-N-H

=4

>

B
-
[
-
=3
o

-12
(a) Fuel-air ratio, 0.082.

Figure i, ~ Effect of N-alkyl substitutions on aniline on knock-
limited performance of AN~F-28 fuel. (Data from references | and
2 and from table | of this report.)
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Figure |2. - Effect of alkyl substitutions to the aromatic ring on knock-limited
performance of AN-F-28 fuel. (Data from references | and 2 and from table | of
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Figure 12. - Concluded. Effect of alkyl substitutions to the aromatic ring on
knock-~limited performance of AN-F-28 fuel. (Data from references | and 2 and

from table | of this report.)
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Figure 13. - Effect of molécular structure on relative power of various
aromatic amines in AN-F-28 fuel at F-4 conditions.
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Figure 14. - Effect of molecular structure on relative power of various
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